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We developed a quantitative detection scheme for nucleic acids,
combining solid-phase rolling circle amplification and chronocou-
lometry (RCA-CC). A gold electrode was directly formed on a
polystyrene substrate as a cost-effective and flexible biosensor for
sensitive detection of microRNA (mir-143) in blood samples.

MicroRNAs, a group of small non-coding RNAs 18-25 nt in length,
are widely distributed in diverse organisms and post-transcriptionally
regulate protein production through mRNA cleavage or translation
inhibition." Over the past decade, much research has indicated that
microRNAs participate in most of the cellular processes and that
changes in their expression are associated with many human dis-
eases.” In order to study the regulation and function of this group
of small non-coding RNAs, many analytical approaches have
been reported for their sensitive and specific detection.’® Although
northern blotting” and RT-PCR® are still regarded as golden standard
techniques, many efforts have been made to develop simpler and
more cost-effective methods for microRNA quantification. Electro-
chemical measurement is proven to be a promising method suitable
for point-of-care diagnostics because of its miniaturized instrumenta-
tion, simplicity and safety.” However, traditional electrochemical
detection could not meet the sensitivity requirement for microRNA
quantification. Imperative innovations were made to improve the
sensitivity of electrochemical methods including introduction of
nanoparticles,'® structure’™'* and signal or template amplification
before detection.”*™* Sensitivity of fM to aM of target microRNA
could be achieved by these innovations.

Differential pulse voltammetty (DPV) is found to be the most
widely used electrochemical detection method for microRNA quanti-
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fication because of its high sensitivity. Moreover square wave
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voltammetry (SWV),'® traditional cyclic voltammetry (CV)*>" and
amperometric'* detection were also employed as sensitive detection
techniques. Chronocoulometry is a convenient electrochemical
method for determination of adsorbed reactants on the electrode
surface.”® It was successfully employed to detect single stranded or
duplex DNA immobilized on a gold electrode by taking advantage of
the electrostatic interaction of specific redox cations with the nucleo-
tide phosphate backbone.>" In this report, we present a novel method
for microRNA quantification by combining chronocoulometry (CC)
with rolling circle amplification (RCA). The principle of this RCA-CC
assay is shown in Fig. 1. An integrated three-electrode biosensor was
fabricated on a polystyrene substrate by a UV directed chemical
plating technique.”* The outline of the fabrication procedure is
illustrated in Fig. 1a and described in more detail in the ESL{ The
working electrode (WE) was first modified with thiolated DNA probe 1
and covered with 1 mM of 6-mercapto-1-hexanol (MCH) and
1 mg mL ™" of BSA, respectively, to seal the excess active groups.
Then target microRNA (mir-143) as well as probe 2 and a cyclized
padlock probe prepared beforehand were added on the electrode
surface and hybridized with probe 1. In the presence of phi29
DNA polymerase, RCA amplification occurred and replicons
were measured by chronocoulometry in a low ionic strength
electrolyte containing Ruhex as a redox marker.
Chronocoulometry is a promising electrochemical method
for measurement of nucleic acid (i.e. DNA) molecules adsorbed
on the surface of the electrode. Unlike other electrochemical
methods, an attractive aspect of chronocoulometry is that the
double layer charge and charge due to reaction of species
adsorbed on the electrode surface can be differentiated from
the charge due to reaction of redox molecules that diffuse to the
electrode surface. The total current, or charge Q, as a function of
time ¢ could be expressed by the integrated Cottrell equation,****

1/2
0 =26nac®(20) 4 00 1 0w (1)
T

where F is the Faraday constant (96487 coulombs per equiva-
lent), n the number of electrons involved in electrode reaction,
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Fig. 1 Schematic illustration of the method. Integrated gold electrodes were fabricated on polystyrene substrate by chemical plating (a); Principle based
on rolling circle amplification and Chronocoulometry (RCA-CC) for microRNA detection (b).

A the electrode area (cm?), C” the bulk concentration (mol ecm ),
D the diffusion coefficient (cm” s™%), ¢ the time (s), Q. the
capacitive charge (coulomb), and Q,qs the charge produced by
the adsorbed reactant.

From Faraday’s law, Q.45 in eqn (1) could be expressed as,

Qads = NFAT (2)

where I' is the quantity of the adsorbed reactant (mol cm™?).
The saturated surface excess of a redox marker (Ruhex) is
converted to DNA probe surface density using the relationship,

T'pna = T'(2/m)(Na) (3)

where I'py, is the probe surface density in molecules cm ™2, m is

the number of bases in the probe DNA, z is the charge of the redox
molecule (for Ruhex, z is 3), and N, is Avogadro’s number. By using
ruthenium(m) hexaammine (RuHex), a cationic redox marker which
could be electrostatically trapped onto the phosphate groups of the
DNA probe, chronocoulometry is able to give a direct signal
proportional to the number of phosphate groups of nucleic acids
at the electrode surface. Based on eqn (3), a similar strategy could
be used for quantification of single stranded and duplex DNA as
well as RCA products (Fig. S1, ESIT). We investigated the behaviour
of DNA as well as solid-phase RCA products on the gold electrode
by chronocoulometry and cyclic voltammetry (Fig. S2, ESIt).
Moreover this strategy provides a potential approach for absolute
determination of probe density on the electrode surface under a
reasonable assumption that when Ruhex is the only cation present
in appreciable concentration (such as 50 pM), complete saturation
of electrostatic adsorption between phosphate groups and Ruhex is
achieved. Based on this strategy, we quantitatively investigated the
immobilization, hybridization and RCA amplification on a gold
electrode surface (Fig. 2). When a DNA probe 1 modified working
electrode is hybridized with 10 nM of target microRNA and DNA
probe 2, we could get a little increase of the chronocoulometry
signal. While after four-hour RCA amplification, an obvious
increase was observed due to the adsorption of Ruhex to RCA
products on the electrode surface.

Based on eqn (2) and (3), we could calculate the surface density
of DNA probe 1 immobilized on the working electrode ranging from
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Fig. 2 Chronocoulometry plot of immobilization of a single stranded
DNA probe on gold electrodes, hybridization with 10 nM of target
molecules and four-hour RCA amplification (a); investigation of reaction
time of RCA amplification including 10, 30, 60, 120, 240, 480 and
960 minutes respectively (b). ACharge is the difference in charge between
RCA amplification and hybridization.

1 x 10" to 6 x 10" molecules per square centimetre (Fig. S3, ESIT).
About 10% of probe 1 (~5.17 x 10" molecules) was observed to
be hybridized with target microRNAs in the presence of 10 nM of
mir-143 and probe 2. We investigated the amplification time to
range from 10 minutes to 16 hours (Fig. 2b). RCA reaction was
observed to occur at a rapid rate before 2 hours, while after four-hour
amplification the products detected by chronocoulometry did not
increase any more. In contrast, the signal got lower slightly because
of non-specific amplification of the control. Moreover, we further
calculated how many nucleotides have been produced after RCA
amplification and estimated the reaction rate approximately. In our
experiment, we found that the electrochemical signal was propor-
tional to amplification time within one hour and the average
reaction rate obtained was about nine nucleotides per minute which
is much lower than 53 nucleotides per second reported by Lizardi
et al.,” indicating that the reaction efficiency of RCA amplification
on a solid surface is much lower than that in solution.

Mir-143 is proven to be a typical microRNA which targets the
KRAS oncogene and acts as a tumour suppressor for a variety of
cancers.> We chose mir-143 as target microRNA to demonstrate
the principle of our method. Sensitivity of this RCA-CC assay was
examined by using stepwise diluted target mir-143 ranging from
10 fM to 10 nM on the surface of gold electrodes. Although
microRNAs could be detected by hybridization only at high
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Fig. 3 Sensitivity of RCA-CC assay for detection of mir-143. Stepwise
diluted target microRNAs were placed on the DNA modified gold electro-
des. The concentration of mir-143 ranged from 10 fM to 100 nM. The
concentration of DNA probe 2 added for initiation of RCA amplification
was 10 nM and RCA reaction was performed at 30 °C for two hours (a); (b)
detection of mir-143 spiked in human blood samples. The concentration
of total RNA placed on the gold electrodes was ~500 pg ul™t. ACharge is
the difference in charge before and after RCA amplification.

concentration (100 nM), the sensitivity of hybridization detection
could be improved to ~1 nM by adding DNA probe 2 (43 nt) in
addition to microRNA. After RCA amplification, the directly
measured detection limit was 100 fM, and the signal gain is
linear over the range from 100 fM to 1 nM (Fig. 3a and Fig. S4,
ESIt). The sensitivity of RCA-CC assay is similar with another
chronocoulometry assay which employed gold nanoparticle for
signal amplification.*® However, it seems to be much lower than
the fluorescent detection method.” In the future study, we could
further improve the sensitivity by employing multiple amplifica-
tion®® or branched RCA.® Then, we investigated the specificity of
this assay by exposing the immobilized electrode to three micro-
RNAs (mir-1, mir-122 and mir-145) as well as mir-143 at the same
concentration. The method exhibited good performance in terms
of selectivity (Fig. S6, ESIt).

Subsequently, we investigated the practicality of this method
to determine mir-143 in real world samples. It was reported
that mir-143 is a biomarker of human prostate cancer and
could be detected in blood as other circulating microRNAs.*”
A certain amount of synthesized mir-143 was spiked into
healthy human blood samples, then total RNAs including
spiked mir-143 were isolated and detected using RCA-CC assay.
Without consideration of purification efficiency, as low as 1 pM
of mir-143 in blood samples was detectable (Fig. 3b) and a
dynamic range from 1 pM to 1 nM was obtained.

In conclusion, we developed a novel microchip containing an
integrated gold electrode fabricated on a polystyrene substrate,
which could be a promising biosensor. Unlike the traditional gold
electrode fabricated on a glass substrate, which requires ultra-
clean room and expensive instruments, this polymer electrode is
of low cost and could be easily fabricated in an ordinary chemistry
laboratory. Moreover, we developed a method for sensitive nucleic
acid detection by combining solid-phase rolling circle amplifica-
tion with chronocoulometry. Compared with other electrochemi-
cal methods, an attractive aspect of chronocoulometry is that it
could perform absolute quantification of biomolecules on the
surface of electrodes, therefore having great potential for mole-
cular diagnostics and other applications, for example, the study of
enzymatic activity at the molecular level.
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